Megafauna (terrestrial vertebrate herbivores > 5 kg) can have disproportionate direct and indirect effects on forest structure, function, and biogeochemical cycles. We reviewed the literature investigating these effects on tropical forest dynamics and biogeochemical cycles in relation to ecology, paleoecology, and vegetation modelling. We highlight the limitations of field-based studies in evaluating the long-term consequences of loss of megafauna. These limitations are due to inherent space-time restrictions of field-studies and a research focus on seed dispersal services provided by large animals. We further present evidence of a research gap concerning the role of megafauna in carbon cycling in tropical ecosystems. Specifically, changes in aboveground biomass might not be noticeable in short-term studies because of slow vegetation dynamics requiring decades to respond to disturbance (i.e. defaunation). Nutrient cycling has received even less attention in relation to the role of megafauna in tropical forests. We present an approach to investigate the effects of megafauna from new perspectives and with various tools (notably, vegetation models), which can simulate long-term dynamics in different environmental and megafauna density scenarios. Vegetation models could facilitate interaction between plant-animal ecology and biogeochemistry research. We present practical examples on how to integrate plantanimal interactions in vegetation models to further our understanding of the role of large herbivores in tropical forests.
Introduction
The largest threats to vertebrate populations are habitat loss, forest fragmentation, and unsustainable hunting for human consumption (i.e. the 'bushmeat crisis') (Chiarello 1999 , Kinnaird et al. 2003 , Michalski and Peres 2007 , Weinbaum et al. 2013 ). This decline is particularly problematic in tropical ecosystems and involves many tropical vertebrate species (Hoffmann et al. 2010) . We focus on tropical megafauna because evidence suggests that their decline and loss may lead to alteration of ecosystem functioning Dirzo 2013, Dirzo et al. 2014) . As extinction risk caused by human consumption is correlated with body size (Ripple et al. 2016) , large animals (Box 1) are declining more rapidly than smaller-bodied species. Large animals fulfil many ecological niches, directly and indirectly influencing ecosystem processes ( Fig. 1 ; seed dispersal and germination, biogeochemical cycles, plant regeneration and growth) (Dirzo and Miranda 1991 , Wright et al. 2007a , Vanthomme et al. 2010 . Hence, defaunation could be a driver, rather than a consequence, of global change with unpredictable repercussions on the long-term sustainability of ecological processes (Laurance et al. 2012 , Sutherland et al. 2013 , Dirzo et al. 2014 . Empirical studies across the tropics show that defaunation and fragmentation dramatically affect the tree-seed disperser network with cascading effects on forest structure and dynamics (Laurance et al. 2006 , Wright et al. 2007b , Abernethy et al. 2013 , Kurten 2013 , Poulsen et al. 2013 ). 
Box 1. Terminology of 'megafauna' and 'large animals'
The definition of 'megafauna' and 'large animals' varies by discipline and author. For instance, megafauna refers to animals larger than 45 kg (Martin 1984) . More recent studies have used other thresholds such as 10 kg and 100 kg for defining large mammals, megafauna, and large herbivores (Gill 2014 , Sandom et al. 2014 , Ripple et al. 2015 . For present time species assemblages, a context and geographic-based definition might be more appropriate (Hansen and Galetti 2009) . In this review paper, we use the terms megafauna and large animals as synonyms, referring to mammalian herbivores with body mass > 5 kg. This cut-off is lower than previous thresholds, and includes the vast majority of species found to substantially influence ecosystem function and/or structure in the literature we reviewed. The 5 kg cut-off allows inclusion of Amazonian species such as the spider monkey (Ateles, 9-11 kg) and the woolly monkey (Lagothrix, 7-9 kg) (Peres et al. 2016) ; tropical African large primates (Cercocebus and Lophocebus > 5 kg), duikers (Philantomba and Cephalophus > 5 kg) (Vanthomme et al. 2010) , and red colobus (Procolobus rufomitratus, 5-11 kg) (Chapman et al. 2012) ; and southeast Asian Bornean gibbon (Hylobates muelleri, 5-8 kg) and langurs (Presbytis hosei, 6-7 kg) (Harrison et al. 2013) . While some of these species body mass is lower than previously used thresholds, they might be the largest functionally extant species in a particular habitat. We therefore consider them megafauna in their respective present-time contexts.
However, we still have a limited overview of all the processes affected by the removal of large animals and the long-term consequences on forest dynamics and plant species composition. Empirical studies focus primarily on short-term changes in seed dispersal and predation. The net effect of these changes is therefore still unclear due to ambiguous results, lack of long-term experiments, and the mostly unexplored megafauna-carbon connection. As a recent analysis also suggests, changes in vegetation dynamics due to a reduction in megafauna densities can be subtle and difficult to detect in the short to medium term (Harrison et al. 2013) . Detecting long-term changes associated with the absence of megafauna is difficult because adult tropical trees are long-lived, and because we are unable to observe their dynamics over multiple generations. Furthermore, the connections to biogeochemical cycling have only recently been examined (Dos Santos Neves et al. 2010 , Osuri et al. 2016 , Peres et al. 2016 , Sobral et al. 2017 . As a result, limited evidence is available to provide long-term projections concerning the linkages between megafauna, forest dynamics, and biogeochemical cycles. Investigating vegetation-animal feedbacks is particularly relevant in tropical forests, given their ecological importance as biodiversity hotspots and economic value as carbon sinks (Lewis 2006) as conceived in the UN REDD+ initiative (Hinsley et al. 2015) . Overall, the loss of megafauna might reduce biodiversity and change ecosystem function and service provision.
To overcome some of these problems, we propose an approach that relies on vegetation models (VMs) to complement current studies and integrate knowledge from different fields. VMs developed for tropical biomes (Moorcroft et al. 2001 , Fischer et al. 2016 , Maréchaux and Chave 2017 have been designed to simulate, among other processes, forest succession, seed dispersal, and disturbance. Many of the ecological processes associated with plant-animal interactions are simulated in VMs, but the effects of animals are not modelled explicitly. The VM platform remains largely unexploited and only a few studies have used VMs to explore feedbacks between megafauna and vegetation (Scheiter and Higgins 2012 , Pachzelt et al. 2013 . We suggest that VMs could be used more extensively to study plant-animal interactions in tropical ecosystems. In this context, the first aim of the present review is to synthesize current knowledge concerning the role of large animals in tropical forests, particularly concerning long-term changes and carbon cycling. Specifically, we provide an overview of the most relevant published studies and highlight shortcomings and strengths of three main areas: contemporary megafauna effects on: 1) tropical ecosystem processes; and 2) carbon cycling. Past megafauna: 3) consequences of the late-Quaternary megafauna extinction and parallels with present-day extinction. The second overall goal is to propose novel modelling approaches to improve scientific understanding of the vegetation-megafauna-biogeochemistry connection and promote cross-field collaborations. Increased interdisciplinarity could help quantify the role of megafauna in vegetation dynamics and predict the consequences of their disappearance. Longterm predictions are necessary to evaluate future scenarios of ecosystem management and global change (climate changes, hunting pressure, etc.). We thus provide: an overview of VMs relevant for tropical ecosystems and explain how these models can integrate data from different disciplines and field-studies. Specifically, we classify plant-animal interactions and associate them to VM processes and parameters. We then present examples of how these processes and parameters, along with field data, could be used to explicitly simulate plant-animal interactions in VMs. The ultimate goal is to study feedbacks between megafauna and vegetation, and how these interactions influence tropical ecosystems.
Contemporary megafauna-plant-environment interactions

Consequences of defaunation and the influence of megafauna on ecosystem processes
The ecological role of megafauna is often investigated by comparing forest areas with different faunal population densities (as a consequence of hunting and/or habitat fragmentation), or by employing animal exclosures. Most reviews on the effects of defaunation have focused on seed dispersal and predation (Wright 2003 , Stoner et al. 2007a , b, Kurten 2013 , Rosin 2014 , McConkey and O'Farrill 2016 . Another review discussed other processes such as herbivory and carbon cycling, but did not focus on megafauna (Dirzo et al. 2014) . Therefore, we only provide a brief overview of seed dispersal studies and concentrate instead on research gaps and research questions that have received less attention (but see Ripple et al. 2015) .
Defaunation, seed dispersal, and uncertain outcomes
In defaunation ecology, seed dispersal has received the most attention because the majority of tropical woody plant species are animal-dispersed. Large animals affect seed and seedling life stages and might influence the 'Janzen-Connell effect' (i.e. increased seed and seedling survival as a function of distance from the parent tree facilitated by animal dispersal (Levi and Peres 2013, Comita et al. 2014) ). This process might contribute to enhance and maintain tree diversity in tropical forests. Lack of dispersal by large mammals may therefore increase the likelihood of extinction for some large-seeded tree species (Beaune et al. 2013 , Caughlin et al. 2015 , although in some instances smaller animals might act as alternative dispersers (Kurten 2013) . While there seems to be a consensus that plant species composition is affected by mammal community composition, results vary among studies because mammals can impact seedlings-saplings diversity and density with different outcomes (Wright et al. 2000 , Roldán and Simonetti 2001 , Beckman and Muller-Landau 2007 , Wright et al. 2007b . Some studies show how the absence of primates can significantly change plant species composition (Nuñez-Iturri and Howe 2007), while others show negligible effects on seedling recruitment (Chaves et al. 2015) or that rodents (Dasyprocta spp.) can be alternative dispersers for large seeds (Jansen et al. 2012 ). The issue is complex due to the many interacting factors: 1) hunting and fragmentation can differentially alter seed predation/dispersal and herbivory (Wright et al. 2000 , Culot et al. 2015 and may or may not involve trophic release through a reduction in carnivore populations (Wright 2003, Brodie and Giordano 2013) . Wright et al. (2000) found that when poachers targeted rodents, seed predation decreased and seedling regeneration increased. Simultaneously, however, seed predation by bruchid beetles (Speciomerus spp. and Pachymerus spp.) increased (because rodents consumed fewer beetle eggs) and seed dispersal decreased reducing seedling regeneration. The net observed effect was an increase in palm seedling densities as poaching intensity increased. 2) Furthermore, variations in micro-environmental conditions (e.g. light, soil, and temperature) among study plots increase the level of uncertainty when evaluating differences in recruitment and succession with and without megafauna due to variation in plant life strategies. Chaves et al. (2015) stress that diversity and composition of adult trees and fragment spatial metrics are confounding effects that are rarely considered in defaunation studies. In fact, contrary to other studies, when Chaves et al. (2015) accounted for these variables, no correlation was found between presence/absence of primates and seedling recruitment.
Overall, the range of results in these studies are the effect of a myriad of factors ranging from micro-habitat variability and fragment size (Laurance et al. 2006 ) to different degrees of defaunation and interannual variability in plant recruitment, concepts well explained by Harrison et al. (2013) . Furthermore, large animals disperse both small and large seeds (Chen and Moles 2015) . Hence, the current hypothesis that defaunation penalizes prevalently large-seeded species might be more nuanced than previously thought. Overall, the variety of environmental settings, faunal assemblages, and focal plant species increases the uncertainty when synthesizing how changes in faunal assemblages will affect tropical ecosystem functioning.
The challenge of studying long-term processes
The limited duration of field studies increases the uncertainty in their results. There is a lack of long-term tropical forest inventories with data covering multiple decades, except for a few notable sites such as Kibale National Park in Uganda and Barro Colorado Island in Panama (Wright et al. 2000 , Omeja et al. 2014 ). In addition, it is difficult to find comparable regions (similar adult tree composition, disturbance history, and environmental conditions) with different defaunation histories, and to regularly monitor forest regeneration without sufficient long-term funding. These limitations force forest ecology studies to rely on limited vegetation time-series or one-time-only sampling. This severely constrains our ability to predict trends in future tree populations and to understand their long-term dynamics. Even the authors of one of the longest studies to date (15 yr) admit that their period only covers the initial response phase of post-defaunation (Harrison et al. 2013 ). Long-term data can produce significantly different results than short-term data. Two long-term studies on African forest elephants Loxodonta cyclotis (Hawthorne and Parren 2000, Omeja et al. 2014 ) with respectively 25 and 15 yr of vegetation data, did not detect any discernible impact on the composition of old growth forests after a few decades without elephants. Conversely, some short-term studies concluded that elephants removal might have significant impacts on future forests (Campos-Arceiz and Blake 2011, Beaune et al. 2013) .
Research is still far from providing insights at a timescale relevant to the generation time of tropical trees (50-200 yr), and we lack long-term projections on species composition and forest structure. Muller-Landau (2007) presented a theoretical approach to predict changes across many tree generations. She used a pseudo-spatial lottery model that considers feedbacks between food availability and consumers and accounts for the dynamics between seed predation and dispersal. Her model showed that shorter dispersal distances lead to lower plant abundances and that plant abundance in future generations is highly dependent on the relative abundance of seed predators and seed dispersers. However, this study is so far the only example evaluating long-term effects of changes in dispersal patterns.
Beyond seed dispersal: herbivory, disturbance, and nutrient cycling
Overall, most of the defaunation literature focuses on seed dispersal processes and early plant life stages. The next challenge would be evaluating future changes in adult plant community composition, the effects of herbivory, disturbance, and nutrient distribution, and the cascading effects on other forest processes. In particular, there is a research gap concerning the physical impacts (ecosystem engineering) of megafauna in tropical forests. Studies of both African forest and Asian elephants Elephas maximus, and of Asian water buffalo Bubalus bubalis have shown that megafauna can influence plant composition and diversity, and forest structure (Braithwaite et al. 1984 , Pradhan et al. 2007 , Ssali et al. 2013 , Terborgh et al. 2016 , although, no effects on species composition have been reported in some cases (Omeja et al. 2014) . Forest elephants can also inhibit forest regeneration and increase understory openness. However, these processes might be interlinked with natural and human disturbances (Lawes and Chapman 2006 , Inogwabini et al. 2013 , Omeja et al. 2014 . Megafauna can change competition among plants by modifying light, water, nutrients, and soil properties favoring certain plant species or life strategies. Given the limited empirical evidence, it is difficult to draw broad conclusions on how the megafauna effect might vary across regions. Current evidence suggests that megafauna population composition, diet preference, and vegetation types might determine the magnitude of the megafauna effect (Terborgh et al. 2017 ). Yet, larger body size does not always lead to a higher impact on vegetation. Rodents can sometimes cause higher seedling mortality than elephants (Piiroinen et al. 2017) . Additionally, some processes such as trampling and uprooting have only been studied sporadically (Ganas et al. 2009 , Kurten 2013 , Omeja et al. 2014 , while other processes such as the impact on soil and the transport of digested biomass have not been evaluated (Wing and Buss 1970 , but see also Braithwaite et al. 1984) . For example, Wing and Buss (1970) estimated that 413 forest elephants in Kibale could move roughly 22 500 t of material per year, and that trampling of herbaceous vegetation could protect the soil and reduce runoff. Given that forest elephant populations in central Africa have declined by more than 80% (Maisels et al. 2013) , we can observe only a small fraction of their potential as ecosystem-engineers. Another important process is herbivory, which can affect forest regeneration and plant mortality (Kurten 2013 , but see also Leal et al. 2014 for the role of invertebrates). Chapman et al. (2012) have shown that a folivorous primate, the red colobus, can act as an ecosystem engineer by killing or reducing the growth of some tree species and increasing the productivity and abundance of other species. Large terrestrial herbivores such as duikers, tapirs (Tapirus), bush pigs (Suinae spp.), and peccaries (Pecari and Tayassu) can also affect seedling/sapling mortality Wright 1994, Camargo-Sanabria et al. 2015 ). Yet, studies of this effect are scarce (Piiroinen et al. 2017) . Herbivory is also strictly connected to nutrient transport, which can influence tree growth (Feeley and Terborgh 2005) and nutrient resorption, which can affect ecosystem carbon and nutrient fluxes (Vergutz et al. 2012 , Metcalfe et al. 2014 . Nutrient transport can also happen through seed dispersal (Stevenson and Guzmán-Caro 2010) . However, only a few studies have investigated the effects of large herbivores on nutrient cycles in tropical forests. Finally, a side effect of hunting is the proliferation of wind-dispersed lianas in the Neotropics when animal-dispersed trees lose their dispersers (Wright et al. 2007b) . Lianas can affect the forest carbon cycle, possibly reducing carbon stocks (van der Heijden et al. 2015) . Hence, defaunation might modify forest vegetation composition and the carbon cycle.
The role of megafauna in carbon cycling
Megafauna-carbon interactions: insights from models and field studies
The potential correlation between plant biodiversity, species composition, and carbon storage remains unclear (Poorter et al. 2015 , Sullivan et al. 2017 . Bunker et al. (2005) proposed the first statistical modelling approach to highlight possible changes in carbon storage associated with changes in forest composition. Their methodology assumed constant basal area and simulated extinction by replacing trees of extinct species with species drawn randomly from the remaining species pool. However, this shift in species composition did not account for processes associated with forest dynamics (i.e. tree fall, succession, and growth). Not accounting for changes in basal area and height might also influence models prediction of changes in carbon stocks (Chave et al. 2014) . The extinction scenarios simulated by Bunker et al. (2005) were not aiming to test the effects of animals. Nevertheless, their study is relevant to the hypothesis that defaunation might affect tropical carbon stocks. This hypothesis postulates that the disappearance of larger animals might lead to lower recruitment of large-seeded plants (Wright et al. 2007a) . As large-seeded plants have a slightly higher wood density on average than small-seeded ones (Queenborough et al. 2009 ), a forest with less large-seeded species will have lower carbon stocks. This hypothesis has been tested to evaluate changes in carbon stocks in different tropical regions under different defaunation scenarios. Three separate studies (Bello et al. 2015 , Osuri et al. 2016 , Peres et al. 2016 have combined tree inventories with plant trait data and used Bunker et al.'s statistical model (2005) . The South American studies (Bello et al. 2015 , Peres et al. 2016 ) have found a reduction in carbon storage following defaunation, while Osuri et al. (2016) report diverging effects across the tropics. As mentioned, these studies rely on a methodology that has limitations and does not provide any indication of the temporal rate of change. Notably, by assuming constant basal area and not representing actual forest dynamics, the results are controlled only by the scenarios describing which tree species will disappear from the species pool. Additionally, because trees are replaced by selecting randomly from the remaining species pool, the ecological importance of wood density is not taken into consideration, despite its role throughout tree life stages (Chave et al. 2006) . Currently, insights from modelling approaches are limited to only these few studies. There is also a lack of field-based studies measuring changes in biomass in response to defaunation, except one in Africa and one in Amazonia. The former study shows that plots in hunted forests had lower aboveground biomass (AGB) than plots in undisturbed forests (Poulsen et al. 2013) . The authors are careful about these results due to various limitations in their methodology. The latter study, conducted in Amazonia, highlights a possible positive correlation between mammal and plant species richness, tree biomass and soil carbon in part driven by large herbivores moving and digesting biomass (Sobral et al. 2017 ). Because differences in AGB before and after defaunation are subtle (Harrison et al. 2013) , only longterm observations might reveal significant differences in AGB after defaunation.
Lack of carbon-animal studies in the tropics
The connection between animals and the carbon cycle has not been central in the defaunation debate (Galetti and Dirzo 2013 ). The few articles discussing (in)direct effects of fauna on the tropical carbon cycle either only considered invertebrates (Strickland et al. 2013 , Dirzo et al. 2014 , Metcalfe et al. 2014 or underestimated the effect of fauna on carbon cycling (Tanentzap and Coomes 2012) . Tanentzap and Coomes (2012) offer the most complete review of the connection between carbon storage and herbivores covering several vegetation types. For tropical forests, Tanentzap and Coomes (2012) suggest that herbivores have minimal impacts on carbon storage, and discuss the role of elephants as herbivores. However, they do not consider the elephants indirect impacts as seed-dispersers and as ecosystem engineers (Campos-Arceiz and Blake 2011, Beaune et al. 2013 , Terborgh et al. 2016 . So far, a direct link between carbon stocks and the forest structural modification by large animals has not been described. Forest elephants have been shown to stop regeneration and increase tree mortality (Lawes and Chapman 2006, Omeja et al. 2014 ), but their long-term effect on carbon stocks at the landscape scale remains unresolved (Lewis et al. 2009 ). Furthermore, while scant, there is some evidence that nutrient cycling is a valuable service provided by megafauna that could also affect biomass and soil carbon (Sobral et al. 2017 and the paleoecology section below). Studies examining the impact of primate latrines on the distribution of nutrients in topsoil profiles have found higher levels of carbon below the top two centimeters compared to control sites (up to 6 cm) (Dos Santos Neves et al. 2010) . Combined with evidence suggesting increased branching of tree roots in organic-matter-rich microsites, this suggests potentially higher belowground carbon storage in areas with functionally intact primate populations.
Future steps to evaluate the megafauna-carbon connection
In the present review, we considered both the direct and indirect impacts of large animals on carbon stocks by focusing on long-term changes in plant succession and forest structure. We found that analyses have focused either on dispersal services or herbivory, but rarely on the combined effects of both. Thus, we have minimal evidence on the relation between carbon stocks in tropical forests and vertebrate herbivores of any size. We suggest that future defaunation studies should consider the growing literature we presented in this section and evaluate if changes in fauna communities are also affecting carbon stocks. Similarly, we have noticed a lack of consideration of the role of fauna in carbon cycling and modelling research. Perhaps this reflects a negative feedback loop. As field-based studies do not investigate the fauna-carbon linkage, there is limited incentive and empirical basis for modelling studies. On the other hand, modelling approaches have not tried to elucidate the role of megafauna in tropical forest carbon cycling and thereby provide explanations or hints to guide field-studies. We conclude that the scientific community currently does not have a clear understanding of how herbivores (browsers, folivores, and frugivores) influence the carbon cycle in tropical forests. It is possible that the influence of fauna in the carbon cycle has been systematically underestimated (Schmitz et al. 2013) and in the future, we should consider all the plant processes influenced by large animals (seed dispersal, nutrient cycling, and herbivory). The available evidence suggests that the disruption of trophic dynamics resulting from the loss of megafauna will have consequences of unknown magnitude for the carbon cycle in tropical forests.
Paleoecology -past megafauna extinctions and parallels with present-day ecology
The contemporary decline of large animals has parallels with the late-Quaternary Megafaunal Extinction (LQME) when terrestrial vertebrate assemblages were disproportionately impoverished by the extinction of the largest species including megaherbivores and their predators , Gill 2014 . A branch of paleoecology has recently attempted to understand the evolutionary and ecological consequences of these extinctions . This research has implications for interpreting modern ecosystems and designing conservation strategies (Donlan 2005) because the LQME had consequences for ecosystem function due to the loss of many ecosystem processes. This parallel raises the question if paleoecology can provide insights on how ecosystems might respond to the current megafauna extinction. The recent use of spores of dung fungi as a proxy enables quantifying megafaunal population fluctuations as fungi biomass is positively correlated with herbivore biomass (Baker et al. 2013 ). This technique has allowed the establishment of high-resolution correlations between megaherbivore collapse and structural changes in vegetation in different continents including Australia, Africa and America (Burney et al. 2003 , Davis and Shafer 2006 , Rule et al. 2012 ). Furthermore, a growing number of studies support the hypothesis that the human-driven LQME had cascading effects on smaller size vertebrates, plant community biodiversity, and ecosystem function, resulting in ecosystem shifts comparable in magnitude to those generated by climatic fluctuations (Burney et al. 2003 , Rule et al. 2012 .
Megafauna and biosphere feedbacks were reviewed in two recent articles. Gill (2014) reviewed case studies on how megafauna extinctions changed fire regimes, created novel plant associations, altered forest composition, and disrupted terrestrial biogeochemistry. Bakker et al. (2016) instead discussed both modern and paleo-megafauna but focused mostly on savanna ecosystems. While both reviews confirm the ecosystem-wide effects of megafauna, they do not cover tropical forests indicating a research gap in this biome. In fact, megafauna may have a different role in savanna ecosystems, where they tend to remove woody cover (Asner and Levick 2012) compared to tropical forests, where their impact is still unclear. For instance, mean tropical forest, AGB is 396 Mg ha -1 in Africa (with more megafauna) compared to 289 Mg ha -1 in the Amazon (with less megafauna) and there is a marked difference in structure with more large trees and lower stem density in Africa than in Amazonia (Lewis et al. 2013 , Malhi et al. 2013 . The reason for this difference in forest structure is unclear, but may be a result of the impact of megafauna on forest dynamics. Elephants for instance reduce the understory of the forest, increase smaller trees mortality, and reduce competition for resources among plants (Terborgh et al. 2016 ).
Carbon and nutrient cycling during the LQME
To gather more information on the role of contemporary megafauna in forest dynamics and biogeochemistry we can examine how the Pleistocene megafauna extinctions may have impacted these variables. Substantial evidence from carbon isotope analysis suggests that extinct megafaunal herbivores in specific regions of South America had a C3-dominated diet (leaves or fruit) (França et al. 2015) . Guimarães et al. (2008) recently suggested that there were 103 possible Neotropical megafaunal-dispersed species that likely have co-evolved with South American now extinct megafauna species. A relevant question is then how the disappearance of the South American megafauna altered Amazonian forest composition and carbon content. A recent study found that megafaunadispersed trees on average have smaller size ranges than other animal-dispersed trees and used a simple model to suggest that this is due to decreased seed dispersal distance following the megafauna extinctions (Doughty et al. 2016b ). Trees producing large-seeded fruits tend to have denser wood, and the study estimated that the decline of megafauna-distributed species decreased mean carbon content in the Amazon by 1.5%. This decline in Amazonian carbon content is similar to the percentage decline caused by the recent loss of seed dispersers suggested by Peres et al. (2016) .
Megafauna could also play an important role in the distribution of nutrients across landscapes because their consumption rates, gut passage time and day ranges are higher than that of smaller animals. Specific nutrients such as phosphorus undoubtedly impact forest growth rates and it has been estimated that forest growth (woody NPP) is higher in the Western Amazon than the Eastern Amazon due to higher soil phosphorus content in the Western Amazon basin (Quesada et al. 2010) . Fertility constraints may also alter species composition, and there can be a sharp shift in species composition across a soil fertility gradient (Higgins et al. 2011) . Two recent studies compiled size relationship data for terrestrial mammals and found that the distribution of nutrients away from a concentration gradient is size dependent, with larger animals having a disproportionately greater impact on this flow than smaller animals , Wolf et al. 2013 . It has been estimated that, after the LQME, the ability of all animals to redistribute nutrients on land decreased to » 8% of the pre-extinction value (Doughty et al. 2016a ). Hence, if nutrients are now less evenly distributed compared to periods when megafauna were abundant, forest growth and carbon uptake may also have been impacted by megafauna extinctions.
Paleoecological datasets and limited coverage in tropical ecosystems
We found that the paleoecological literature contains many parallel hypotheses to the ones formulated in defaunation ecology. In fact, some paleoecological datasets can provide information for current VMs. The long timescales necessary to observe changes are a fundamental problem when searching for datasets informing the impact of megafauna on vegetation. However, there is a growing number of paleoecological datasets, such as pollen records with corresponding Sporormiella spore data that can act as a proxy for megaherbivore populations (Burney et al. 2003 , Davis and Shafer 2006 , Rule et al. 2012 . Such data can be used to quantify the impact of megaherbivore loss on vegetation. These datasets can be a first step to parameterize and test how loss or increase of megafauna might affect vegetation over time. While more is known about diet, much less is known about feeding behavior and functional diversity of tropical Late Pleistocene herbivores because preservation of fosils in tropical forests is rare. However, it appears that megafauna in tropical Asia and Africa have suffered a smaller functional diversity loss compared to other regions (Faurby and Svenning 2015) . Hence, Asia and Africa still harbor species with a functional diversity similar to extinct megafauna. This would help assess feeding behaviour by comparing diet preferences, body size, and morphology of extinct and extant species (Owen-Smith 2013 , França et al. 2015 , along with some information on feeding behaviour based on stable isotopes, teeth and tusk wear (Lambert 1992 , Bargo et al. 2006 , Zhang et al. 2017 ). This information could be useful to describe feeding behavior of past megafauna and project their effects on ecosystems. Much can be learned both empirically and theoretically from increased interactions between modern ecology and paleoecology. Thus, we reiterate the call of Gill (2014) and highlight the limited coverage of tropical ecosystems in paleoecology. Lastly, megafauna and carbon cycle interactions are emerging topics in paleoecology, as they are in the contemporary ecology counterpart.
Integrating current knowledge in vegetation models
Each research area we have touched upon contributes crucial information to reconstruct the role of megafauna in tropical ecosystems. Field studies do not capture long-term changes in forest succession, but they provide detailed assessments of how animals affect plants recruitment, dispersal, mortality, and germination. Paleoecology offers an alternative perspective, particularly on processes occuring over large spatio-temporal scales. Additionally, the carbon cycle has been extensively studied in several disciplines (Le Quéré et al. 2016) , but the effects of animals on carbon cycling in VMs have not yet been implemented. Within this framework, VMs offer the potential to synthesize complementary knowledge across fields to address current shortcomings. Some VMs were developed specifically for tropical forests (TROLL (Maréchaux and Chave 2017) , ED (Moorcroft et al. 2001) , and FORMIND (Fischer et al. 2016) ), while others were developed for more global applications, but have been used in tropical studies at different scales ( LPJ-GUESS (Sitch et al. 2003) and ORCHIDEE (Krinner et al. 2005 , Verbeeck et al. 2011 ). VMs are biogeophysical process-based models reproducing vegetation dynamics by simulating establishment, growth, dispersal, and competition for resources, over many tree generations. Although some of these processes might be overly simplified or not implemented (i.e. dispersal and establishment), most of them are simulated through time (hourly to yearly) and space (individual tree to the global level), depending on model resolution. VMs perform simulations using climate data (e.g. temperature, radiation, and precipitation), in addition to soil and forest properties. VMs can be validated or initialized with forest inventories, fluxtower data, and remote sensing data and can be calibrated with regional allometric equations when these are available. Plant species in these models are often grouped in Plant Functional Types (PFTs) with similar biophysical and ecological properties (e.g. wood density, growth rate, mortality, and allometry), but in some cases multiple species are implemented (i.e. TROLL). Examples of tropical PFTs are early/mid/late successional trees (e.g. in the ED2 model), or semi-deciduous and evergreen trees (e.g. in LPJ-GUESS).
We distinguish between three model types: Dynamic Global Vegetation Models (DGVM), Cohort-Based Models (CBM), and Individual-Based Models (IBM). DGVMs are more focused on large-scale patterns and biosphere-atmosphere feedbacks, while IBMs tend to be used for small-scale ecological studies. CBMs are somewhat in between, representing forest structure in greater detail than DGVMs, but instead of tracking individual trees they use cohorts to reduce computation time. We provide a comparison of relevant features and processes of five VMs, which were selected to illustrate the variety of existing models (Table 1) . For a more detailed description and classification of VMs, we refer to . Hence, VMs reproduce processes such as mortality, dispersal, establishment, which are of interest to plant-animal interaction ecology and offer powerful scalability in time and space. In Fig. 1 , we show how plant processes simulated in VMs relate to animal guilds and animal processes.
While VMs have been used for tropical ecology and carbon cycling studies, they have never been used to study plant-animal interactions in tropical forests. However, VMs have been employed to simulate plant-animal interactions in other ecosystems. Some studies include the effects of browsers in temperate forests (Rammig et al. 2007 , Holm et al. 2013 ) and the impacts of savanna elephants (Scheiter and Higgins 2012) and grazers (Pachzelt et al. 2013 , Zhu et al. 2018 in Africa. The latter studies are particularly interesting as they couple a VM with a physiological grazer population model. Additionally, these studies introduce Herbivore Functional Types (HFTs) that, similarly to PFTs, are groups of herbivores with common functional traits such as body mass, diet, and gut type. Pachzelt et al. (2015) defined four HFTs, each containing a single herbivore species. Hempson et al. (2015) have gone further and expanded the classification to include 92 medium-large African herbivores clustered in five HFTs. This grouping of animal species based on traits suggests that HFTs could be associated with specific plant-animal interactions, PFTs, or plant traits, offering the potential to further implement herbivores in VMs. However, the PFT classification alone is currently limiting, as it does usually not consider plant traits that are relevant to animal-plant interactions. The next challenge is to expand the PFT concept to include plant properties that would enable simulating such interactions. Seed size is, for instance, relevant to the role of megafauna in the dispersal process, but if plant species affected by the absence of their dispersal vector are randomly distributed among PFTs, we cannot reproduce this interaction in detail. Also, models based on PFTs might have difficulty capturing key carbon dynamics such as drought (Powell et al. 2013) . There is also a growing interest in trait-based approaches (van Bodegom et al. 2014 , Enquist et al. 2015 . Trait-based modelling could provide greater flexibility, a more realistic representation of plants than PFT-based models, and enable large-scale simulations by reducing computational requirements (an advantage over IBMs). Another limitation of VMs is that including animals in might require simulating the complexity of animal movements. Incorporating movement would require some VMs processes to be spatially-explicit and the tracking of animal (Harfoot et al. 2014) , could be paired with the next generation trait-based VMs to simulate in detail both vegetation and animal ecology. Aside from these limitations, we argue that current VMs can already be used to explore plant-animal interactions and that future development of trait-based VMs should consider these interactions.
Implementing key animal processes in vegetation models
Following the overview, design concepts, and detail protocol (ODD, Grimm et al. 2010) , we propose practical examples to simulate the role of megafauna in VMs by combining data from plant-animal interaction studies with animal species life-history information such as diet, body size, and metabolic rate. These examples cover the most commonly studied animal processes and provide a design concept for a coupled animal-vegetation model. Please note that in the ODD protocol we describe only the processes and variables that are relevant to each specific implementation and not the complete VM. Furthermore, we make these examples as general as possible so that they can be applied to different VMs. Some plant-animal interactions can be simulated explicitly in VMs. We refer to these cases as direct implementations. These can be accomplished through existing model Processes, Variables, or plant/PFT Parameters. For brevity, we will refer to these as PVPs. Examples of PVPs include mortality (process), leaf biomass (variable), and dispersal kernel (species/PFT specific parameter). In a direct implementation, the plant-animal interaction units could either match the PVP units or be easily converted. For instance, kg of biomass consumed per animal per day can be related to a model variable such as leaf turnover rate (leaves shed over time). When a direct implementation is not possible because there is no matching PVP, the effect of a plant-animal interaction can be encapsulated within an existing PVP. We refer to this as indirect implementation. For example, bark is not explicitly modelled and to simulate debarking, which might increase tree mortality, we could change intrinsic adult tree mortality based on field studies measuring the effect of debarking. A summary of ecological interactions and their related PVPs is presented in Table 2 . The list of processes in Table 2 is non-exhaustive but covers the most studied ecological processes and some intuitive implementations. The description of processes in VMs is inherently dependent on adequate field data, which are not always collected for modelling purposes. Hence, we stress the importance of increased collaboration between modelers and field ecologists. As a reference for field ecologists, examples of field data are provided in the Data section for some of the examples, and Table 2 includes field measurements with units for several animal processes. To be useful for modelling, the spatial resolution of data should be proportional to animal home ranges. For animals with large home ranges, a large area should be considered, as localised data might not be representative of the landscape-level effects. The temporal resolution should be chosen based on animal physiology, considering the longer gut passage times of larger animals Table 2 . Plant-animal interaction ecological processes and examples of field measurements. Units should be considered over time. The area of the landscape affected by each process is indicated only when crucial, although it should be measured when possible. Information on animal ecology, particularly diet preferences, biomass assimilation efficiency, and home range, is useful in all cases and it is not explicitly indicated. Examples of (D) direct and (I) indirect model implementations through existing PVPs and suggestion on model types more suited for implementing the process. * Indicates that the implementation might rely on a feature present in a branch of the model. leading to higher uncertainty in estimating consumption rates (Wolf et al. 2013 ). Animal consumption measured over a short period (few months) might suffice for shortterm simulations (few decades), but long-term simulations would benefit from yearly estimates as the error from uncertainty accumulates over time. The timescale of measurements should also be evaluated according to the immediate or delayed effect on vegetation. Processes related to plant Example 1 -key process: Folivory -life stages: seedling, sapling, and adult Leaf consumption happens both on the ground and in the canopy. Terrestrial folivores can affect saplings and seedlings while canopy folivores target mostly adult trees. Folivory can affect various processes such as establishment, productivity, and growth (Fig. 1) , and is connected to nutrient cycling.
• Purpose: implement the impact of folivory (canopy and/or terrestrial) with either fixed rates of leaf consumption or variable rates calculated by a coupled animal population model. Leaf turnover rates can be directly related to leaf consumption rates. Thus, by increasing the rate at which plants targeted by folivores shed their leaves, we can simulate this interaction.
• Entities: individual trees/cohorts/big leaf (represented by species or PFTs), folivores (not explicitly represented in the VM).
• Scale: stand, hectare, grid cell (determined by homogeneous environmental data) ( Table 3 ).
• Process overview and scheduling: at each time step (daily, monthly, annually) the VM calls the appropriate 'shed leaves function' following the algorithm shown in Fig. 2 . If there is no folivory within the spatial unit (stand, grid cell), a baseline leaf turnover rate is applied to all plants. In the presence of folivory, a function determines which plants are targeted by folivores based on food preference (e.g. preferred canopy trees for folivorous primates or plants < 2 m for terrestrial folivores). If an animal model is coupled with the VM, then Pcr (definition in Table 3 ) is recalculated at each time step. Otherwise Pcr is fixed. The leaf turnover rate of folivore plants is then calculated based on their leaf biomass and the Pcr at the current time step. The last step is to shed leaves of both folivore and non-folivore plants, each at their own leaf turnover rate.
• Design concepts:
Basic principles: leaf turnover rate has the advantage of being a parameter or state variable that is used to calculate leaf related processes (functioning, production, and destruction). Thus, implementing folivory requires only minor modifications to the VM. Emergence: folivory will reduce the total leaf area and as such the canopy photosynthetic capacity and thus gross primary productivity. However, it might also increase net primary productivity as more fallen leaves will increase soil carbon and nitrogen in areas where there are preferred plant species (Feeley and Terborgh 2005) . Also, the effect of terrestrial folivory can impact seedling and sapling life stages and change plant species composition. However, for better representation of the effects of productivity, a more detailed representation of nutrient cycling is needed. Assumptions and additional implementations: in this example, we assume that all consumed leaf biomass returns to the soil/litter. However, we could also set a percentage aside to simulate the conversion of leaf biomass into animal body mass based on digestive efficiency and metabolic rates. Furthermore, we did not specify at which height folivory is implemented (e.g. bottom versus top crown), which might have different feedback on NPP depending on the position of consumed leaves (shaded or sun-exposed). Models that track the vertical canopy structure could be used to simulate leaf consumption at specific canopy heights.
• Initialization: the VM can be initialized based on real-world data (forest plot data and/or remote-sensing) or from bare ground until the forest state of interest is reached (primary or secondary succession, or old-growth). The animal variables can be initialized based on field data or based on the animal population model if such model is capable of generating these variables. Even without a coupled animal model, it might be interesting to test the effect of folivory at different consumption rates and compare the model results with field sites under different intensities of herbivory.
• Input data: folivore species densities, individual consumption rates, and food preferences can be found in the literature (e.g. red colobus (Chapman et al. 2010 , Struhsaker 2010 , red howler monkey Alouatta seniculus (Julliot and Sabatier 1993) , Amazonian brocket deer (Mazama spp.) (Gayot et al. 2004) , and mammals spp. (Leigh 1999) ). In particular, Leigh (1999) has a section on folivorous primates and estimates their yearly consumption. If species-specific consumption rates are not found, field metabolic rates can help approximate consumption rates through allometric equations (Nagy et al. 1999) . For non-strict folivores, estimations can be more challenging as the percentage of leaf in the diet can vary through time. In addition, metabolic rate, respiration, and digestive efficiency can be found in the literature (Humphreys 1979 , Owen-Smith 1988 , Nagy et al. 1999 to estimate the amount of biomass retained by animals after consumption. Some studies also report species-specific digestive (assimilation) efficiency (Milton et al. 1980 , Rees 1982 ).
• Submodel: the animal model simulates folivores population dynamics based on the available leaf biomass of their preferred plant species. This model can be a Lotka-Volterra predator-prey model or a more complex spatially explicit individual-based model. Submodel functions:
-The 'shed leaves' function requires two inputs: a list of entities and their leaf turnover rate.
-The other functions calculate (see Table 3 for variables definition).
Pcr = Ad × Icr (Eq. 1). Equation 1 calculates population consumption rates based on animal density and individual consumption rate. Ad can be either fixed or calculated by the animal model. Fltr = Pcr/LeafBiom-fol plants (Eq. 2). Equation 2 calculates the leaf turnover rate due to folivory based on the population consumption rate and the biomass of leaves consumed by folivores. mortality would require different timescales depending on the interaction. The time lag of mortality by debarking might be several years, while mortality due to herbivory is much shorter (Höft and Höft 1995) . Lastly, the connection between fire and large herbivores should be considered when modelling tropical forest to savanna transition zones. Although forest distribution depends mostly on climatic factors, the role of large herbivores can be ambivalent in forest edges. While grazing can promote woody encroachment and reduce fire intensity, browsing can have the opposite effect (Buechner and Dawkins 1961, Murphy and Bowman 2012) . Most of the VMs we have mentioned include both a fire module and grass PFTs and could therefore be used to study the potential effect of megafauna on savanna-forest transition.
Coupled animal-vegetation models and dynamic plant-animal feedbacks
The design concepts we provide include a basic implementation of an animal population model that updates animal densities according to the availability of a certain resource. A similar concept has been used to couple a VM with an animal demographic model (Pachzelt et al. 2013) . However, the extended home ranges of megafauna are a key ecological component playing a critical role in We found limited information on flower consumption and debarking, and neither flowers nor bark are simulated in current VMs. Nonetheless, we want to mention briefly two indirect implementations. Flower consumption: primates can significantly impact tree reproduction (Fig. 1) by reducing both pollination and seed production (Riba-Hernández and Stoner 2005). Let us assume that when flowers are removed from a tree, the remaining carbon not used to produce fruits is redirected to other pools. The fraction of carbon redirected should be calculated considering the fruit-flower ratio, as not all flowers set fruits (Sutherland 1986 ). We could then change the proportion of NPP assigned to reproduction based on the intensity of flower consumption. However, we could not find information on how tropical trees allocate carbon when fruits do not set. Debarking: debarking increases tree mortality (Fig. 1) by increasing the chance of fungal and invertebrate attacks (Höft and Höft 1995) . Most field studies address the effect of savanna elephants, and usually measure changes in tree mortality rates due to debarking. However, a debarked tree might take many years to die, thus determining the precise cause of death is often difficult. Tree mortality is a PVP that could be used to indirectly include this process In VMs. Specific PFT/species and larger trees have a higher chance of being debarked. Hence, mortality could be PFT/species and size-dependent.
Example 3 -key process: Seed processes -life stages: seed and seedling
Frugivores and granivores affect dispersal, germination, and recruitment through dispersal, predation, pulp removal, fertilization, and scarification ( Fig. 1) . Seed dispersal is a highly studied subject, and data abound. However, compared to other processes, dispersal is less developed in VMs. Nevertheless, there is an increasing interest to implement more realistic dispersal representations in VMs . VMs that are spatially explicit, such as LPJ-DISP , FORMIND and TROLL, already offer the ability to implement different dispersal kernel functions that can be associated with distinctive dispersal modes observed in tropical trees (Seidler and Plotkin 2006, Harrison et al. 2013 ). Here we present one way of implementing seed related processes.
• Purpose: implement the effect of seed dispersal and seed predation.
• Entities: individual trees/cohorts (represented by species or PFTs), frugivores and granivores (not explicitly represented in the VM).
• Scale: stand, hectare, grid cell (determined by homogeneous environmental data) (Table 4 ).
• Process overview and scheduling: at each time step (daily, monthly, annually), after seed production (Fig. 3) , seed fate is determined for each plant entity. Seeds can be flagged as predated, dispersed, or non-dispersed. Predated seeds are then destroyed (returned to soil). Dispersed seeds are moved according to a dispersal kernel function. Non-dispersed seeds fall under the parent tree. In the last step, the function 'Germination rate' is applied to both dispersed and non-dispersed seeds. This process could also take into account animal biomass assimilation, similarly to the Folivory example.
• Design concepts
Basic principles: this seed dispersal module allows the simulation of a range of seed-animal interactions observed in the field. It describes seed fate from seed production to germination. The effect of seed handling (ingestion, pulp removal, and scarification) is also considered, as it can either damage seeds or promote germination. We should also note that seedlings are influenced by density-dependent mortality, edge effect, and fragment size, which are connected to seed processes and animal densities. Seedling mortality should be determined by the VM based on environmental conditions and other mortality factors, which would enable studying edge effects. Additionally, the effect of fragment size is related to animal densities, which are considered here. Emergence: seed predation and dispersal can interact in complex ways (Wright et al. 2000) . Plant recruitment will likely be influenced by animal densities and their food preferences. Thus, different animal community compositions will lead to different forest regeneration patterns and plant species composition (Muller-Landau 2007) . Density dependence (Muller-Landau 2007 , Lebrija-Trejos et al. 2016 ) and shade tolerance (Kelly and Purvis 1993) increase the uncertainty of the outcome, both in terms of forest composition and carbon stocks. Density dependent processes are associated with seed predators, herbivores, plant nichepartitioning, and host-specific pathogens (Comita et al. 2014) . While the latter two are out of our scope, we discuss the former two. Furthermore, distance-and density-dependent mortality relate to plant biodiversity and can be species specific (Comita et al. 2014) . Thus, it is difficult to implement both processes in PFT-based models and in species-based models because only a few species have been studied sufficiently. Nonetheless, we still expect that seedling recruitment patterns that are affected by density dependence might emerge from implementing folivory and seed dispersal. Edge effect and forest fragment size are also important factors influencing regeneration, particularly at the seedling stage (Melo et al. 2007 , Santo-Silva et al. 2013 . Finally, interspecies difference in plant traits (e.g. leaf toughness, growth rate, and allocation patterns) can also affect seedling mortality. However, as most VMs do not work at the species level, it is difficult to evaluate the sensitivity of model output to interspecies variation. Assumptions and indirect implementations: in this example, we assume that all consumed seed biomass returns to the soil/litter. We also assume that the VM is spatially explicit and it has a seed bank. However, some VMs do not have a seed bank or seed germination rate, and recruits are created based on recruitment rates and NPP. In these cases, we would have to represent the effect of seed fate and germination implicitly through recruitment rate. In such case, we have to be careful about how the VM simulates the transitions from seed to recruit, including minimum size for recruits. This should be considered because germination and establishment are separate processes driven by different biotic and abiotic factors ).
plant-animal feedbacks. In particular, seed dispersal and nutrient distribution require spatially-explicit mechanics that are currently lacking in VMs. A more detailed and spatially explicit animal model (i.e. the Madingley model) could provide the level of detail needed in terms of animal dispersal, consumption, and population dynamics. We have already pointed to relevant literature useful to parameterize animal models, in addition to the HFT concept, which reduces the complexity of simulating single species. The basic principle of simulating two-way feedbacks between vegetation and animals is to have a mutual exchange of data between two coupled models (Fig. 4) . The VM will provide to the animal model a landscape map containing the location and state of plants, and any relevant environmental variables (e.g. temperature and water sources). The animal model will update the landscape map according to animal movements and resource utilization. The landscape map will then be returned to the VM which updates its state and resumes the simulation until the next time step of data exchange (Fig. 4) . This approach would enable testing hypotheses not only about the effects of animals on plants, but also about how animal populations might react to changes in plant communities. Ideally, this framework could be employed to study the repercussions of changes in animal biodiversity and climate on megafauna-plant feedbacks and forest functioning. The biggest challenge may be to harmonize the spatiotemporal scales of the coupled models. Doing so requires evaluating at which scales animal species influence vegetation processes and how these are represented in VMs. Additionally, correlating the effect of a species over a specific time and area requires measurement of this effect at different animal densities. Such data are rarely available and are usually measured only over short periods. Thus, extrapolating the effect of animals over long periods and at different densities might be a source of uncertainty in simulations. • Initialization: same as the Folivory example. Even without a coupled animal model, it might be interesting to test the effect of different densities of frugivores and granivores. A challenge to overcome in PFT-based models is to group plant species based on their dispersal syndrome, as the current PFTs grouping might not be well suited for this task. Traits relevant to seed dispersal and predation should be included while maintaining some typical PFT trade-offs (e.g. growth-rate vs shade tolerance). An approach adopted in FORMIND was to group species in six PFTs based on shade tolerance, seed size, and dispersal syndrome (Dantas de Paula 2017).
• Input data: complete animal-seed interaction observation networks are still scarce and mostly focused on seed dispersers. However, particularly for South America, there is a reasonable amount of data that can be used to estimate seed fate and dispersal distance (Hammond and Brown 1995 , Muller-Landau et al. 2008 , Bello et al. 2017 ). In the absence of specific animal-seed interaction data, seed morphology can be used to estimate dispersal syndrome (Forget et al. 2007 ). Data on animal densities and individual consumption rates can be found in the literature as already described in the Folivory example. In addition, Leigh (1999) estimates how fruit production is partitioned among different animal guilds. This example could be used to estimate the quantity of predated and dispersed seeds. Germination data on the effects of gut passage (Hawthorne and Parren 2000, Fuzessy et al. 2016 ) and pulp removal (Silvius and Fragoso 2002) is available. However, germination studies cover only a few selected species, so germination is a challenging process to parameterize with currently-available data. If germination data are limited, we could use other plant traits to determine germination probability such as seed size and successional stage (Hopfensperger 2007 ).
• Submodel: the animal model is similar to the Folivory example. Instead of leaf biomass, seed and fruit biomass are used to simulate animal population dynamics.
Submodel functions:
-For each plant entity, the 'Determine seed fate' function assigns seeds to different pools (predated, dispersed, and non-dispersed). It requires two inputs: 'Pcr' and 'Food preferences' (definition in Table 4 ) for each animal entity that interacts with the plant entity (species or PFT). -The 'Destroy seeds' function returns the seed biomass to the soil carbon pool.
-'Disperse seeds' uses the dispersal kernel function associated with the plant entity to determine dispersal distance. Seeds will then be added to the seed bank at the location of arrival. Note that non-dispersed seeds will be deposited under the parent tree. We illustrate this as Dk = 0 in Fig. 3 . -'Germination rate' assigns to seeds a probability of germination and a germination time based on seed handling. Under this category, we group all the structural effects of megafauna not related to biomass consumption. For example, trampling, tree damage, tree uprooting, and soil disturbance. We discuss this implementation and a few details through a simplified ODD.
• Purpose: implement the structural effects of megafauna.
• Entities: individual trees/cohorts/big leaf (represented by species or PFTs), megafauna (not explicitly represented in the VM).
• Variables: we define four variables to characterize megafauna disturbance:
-'Rate' represents the frequency at which the disturbance is applied to the landscape. -'Scale' is the percentage of the landscape that is disturbed. -'Intensity' is an index indicating the magnitude of the disturbance. -'Target' describes which entities are modified by the disturbance. Rate, scale, and intensity depend on animal density and movement (home range and resource selection). Target is related to animal physiology, behavior, and resource selection.
• Process overview and scheduling: megafauna disturbance is applied at a time step matching the rate of disturbance and to an area defined in scale. The disturbance function will modify plant or environmental entities according to intensity and target. If available, a coupled animal model updates animal density according to the location and availability of resources provided by the VM (see Two-way plant-animal feedbacks section). Lastly, rate, scale, and intensity are updated according to the new animal density.
• Design concepts Basic principles: similarly to other disturbances (e.g. fire and treefall), megafauna disturbance should modify the structure and function of the forest and create new environmental conditions. Emergence: megafauna disturbance could impact a series of processes such as plant growth rate, regeneration, and competition among plants. Fast-growing plants that can quickly escape trampling might be favored. Additionally, regeneration in forest gaps might be hampered. Thus, we expect changes in community composition and forest structure. The magnitude of these changes will be dependent on the four disturbance variables.
• Input data: data needed to parameterize the structural modification of megafauna will have to include animal density, an estimate of the fraction of the study area disturbed over time, and habitat/vegetation preferences (height/size/species of targeted plants,
Future approaches to model animal processes
The integration of data from empirical studies on megafaunaplant interactions with VMs enables different approaches: 1) simulations in VMs could help identify ecosystem tipping points in a more realistic fashion than purely theoretical models. Terborgh et al. (2016) have measured structural damages on small trees at different elephant densities (intensity, and target). Another study has quantified the mortality rate of trees larger than 10 cm DBH (rate, scale, and target) (Omeja et al. 2014) . Furthermore, as mentioned, Wing and Buss (1970) offer insights and data on the ecosystem-engineering role of forest elephants. We recognize that finding studies that provide species-specific data for all disturbance variables might be challenging. In such cases the missing variables will have to be estimated from similar disturbance patterns. for a different site or a similar species. Furthermore, the lack of regular forest inventories with information on disturbance history (hunting, logging, degradation) reduces our ability to constrain model parameters and validate the model output. This limits our analysis to relative changes in the effects of animal-plant interactions. The benefits of VMs are their process-based approach and extensive output, which enable the analysis of changes in short/long-term succession, forest function, and structure, whereas field-studies can only track a fraction of these processes. While we recognize that VMs output will never match 1:1 actual observations, VMs still allow studying relative changes in vegetation dynamics within realistic orders of magnitude. Hence, we suggest a mechanistic modelling approach as an additional, complementary, and integrative tool to evaluate the effects of megafauna, particularly for long-term studies. Specific VMs should be chosen according to the research question focus (see suggestions in Table 2 ). Overall, VMs provide a flexible and powerful tool to explore a range of research questions concerning the role of megafauna in tropical forests, and their potential has barely started to be explored.
Conclusions
Insights in the mechanisms linking megafauna to ecosystem functioning have just started to emerge. Our knowledge of these links is limited and hampers our ability to predict how ecosystems might respond to the rapid decline of megafauna, particularly in the long-term. A better understanding of megafauna ecology is crucial not only for preserving tropical forests and avoiding irreversible state changes but also for local and global human populations that depend on tropical ecosystems and their services. The connection between the tropical carbon cycle and megafauna needs further investigation and is particularly important in relation to its implications for atmospheric CO 2 concentrations and potentially for climate patterns. Carbon cycling research should reconsider the role of fauna as more than just negligible. In our review, we observed that field-based research related to megafauna and defaunation in tropical forests is prone to severe limitations in terms of predicting future shifts in species composition and forest structure beyond the early stages of defaunation. And we still have only limited knowledge about the role of megafauna in biogeochemical cycling and ecosystem engineering. We also observed, a strong bias in taxonomic and functional groups, and tropical regions (Hawes et al. 2013 , Kurten 2013 . Neotropical primates and seed dispersers are overrepresented while African and Asian large ungulates, elephants, and seed predators are understudied. This discrepancy is particularly alarming given that these underrepresented groups might have a disproportionate effect on forest ecosystems. We should also strive to build plant-animal databases (Bello et al. 2017 ) that could be used as input for different modelling approaches. These datasets should describe the role of each animal species (seed disperser/predator, herbivore) and the intensity of each interaction. Such effort would help establish functional thresholds of dispersal and the effects of herbivory and seed predation.
We have proposed VMs as an additional tool to further our knowledge on megafauna ecology and overcome some Example 5 -key process: Nutrient redistribution, availability, and resorption -life stages: from seed to adult Megafauna can interact with nutrients in different ways by: redistributing nutrients across concentration gradients, accelerating nutrient cycling and making nutrients readily available (labile nutrients), and changing nutrient resorption in leaves. Nutrient cycling in VMs is an area of recent development, particularly for nitrogen and phosphorus (Zaehle et al. 2010 , Smith et al. 2014 , Trugman et al. 2016 , Goll et al. 2017 . So far, these models have been used for simulations at the global scale or for non-tropical ecosystems. Thus, they require re-validation and perhaps re-parametrization to simulate tropical forests N and P cycles. Furthermore, a direct implementation of the influence of large animals on these processes would benefit from having lability and concentration level of nutrients, a missing feature in most current VMs. Carbon and nutrient resorption are accounted in some VMs that include nutrient cycling. Nevertheless, resorption efficiencies might have to be recalibrated in tropical trees (Vergutz et al. 2012) . Insects have been shown to affect N and P resorption and fluxes, but not C (Metcalfe et al. 2014) . Hence, by including nutrient resorption in VMs, it might be interesting to evaluate this additional effect of large herbivores on nutrient fluxes. Given the scarcity of studies covering this topic and the current modelling limitations, we only provide a short overview of possible implementations. Let us assume that one of the current VMs can reliably simulate nutrient cycling in a tropical ecosystem. Nutrient cycling is connected to biomass consumption. We could reuse and expand the Folivory and Seed processes submodels (see also the Input data section of Folivory for useful input data for nutrient processes). We have to simulate two processes: nutrient distribution and modification of nutrients concentrations and lability. The former requires a spatially-explicit animal model that can reproduce animal movement, as discussed in the next section. Furthermore, the Folivory and Seed submodels could be used to estimate the amount of biomass consumed and translocated by herbivores. Regarding nutrient mineralization, we could use the functions 'Shed leaves' and 'Disperse seeds' to modify nutrients concentration and lability when plant biomass is digested.
In the absence of nutrient cycling in a VM, the effects of large animals could be simulated indirectly via existing PVPs such as growth rate, gross primary productivity, and establishment rate. This implementation, while less dynamic than a direct one, could use data from field studies (Feeley and Terborgh 2005) to relate animal densities to growth and establishment rates. Additionally, estimates of the amount of nutrient transported can be obtained with mathematical models (Wolf et al. 2013 ). This information should permit testing of some hypothesis about how different patterns of nutrient cycling can affect forest productivity and community composition.
of the current methodological limitations. We have provided an overview of methodological approaches for implementing plant-animal interaction in VMs by integrating different types of data. Where possible, we have provided ideas to exploit existing VMs and PVPs with minimal model modifications. The processes that can be implemented intuitively in VMs include folivory, disturbance, and seed related processes. Additionally, we proposed a coupled animal-vegetation model that can provide further opportunities to study processes that involve complex feedbacks and animal population dynamics and movements. One of the challenges of this approach is to match the spatial scale at which megafauna processes are active and run these models at a spatial scale (resolution) relevant to the research question. Another challenge is to decide if the presence of fauna should be implemented directly or indirectly (Table 2) , particularly for spatially explicit processes such as nutrient cycling. Furthermore, we have discussed ideas and limitations regarding data input and model parametrization.
To study the role of megafauna we need an interdisciplinary approach involving modelling (vegetation and animal), field ecology, and paleoecology. As animals also influence vegetation-climate feedbacks, we envision a modelling approach that encompasses and integrates all three components to generate new insights. To bridge this interdisciplinary gap, we suggest that future defaunation studies also consider AGB and mechanisms of nutrient cycling. Some defaunation studies are already 10-15 yr-old, and these sites could be resurveyed to measure recruitment rates of mature trees and AGB. We could also revisit already collected data to analyze forest properties that were previously overlooked. Furthermore, we could compare nutrient distribution in forests with different densities of large animals. In terms of data collection and increased collaboration between modelers and field scientists, some of the concepts we illustrated (see Table 2 and the Data input section in each Example) provide suggestions for field measurements that would be useful to modelers. This is crucial as models depend on the quantity and quality of data provided by field ecologists. Additionally, while the implementation examples we provided were specific for tropical forests and megafauna, similar strategies could be adapted for other ecosystems and animals.
